The role of metal (especially) iron ions has been postulated to play a prominent role in protein glycation, suggesting antiglycating effectiveness of metal chelators. However, this rule may not apply to all model glycation systems. We found that metal chelators are not effective in prevention of glycation of bovine serum albumin (BSA) in vitro, and there is no correlation between the antiglycating effects of 32 compounds and their iron chelation activity as measured with the ferrozine test. These data indicate that the glycation of BSA in vitro is iron-independent and is not a proper system to study the role of metals in protein glycation.
INTRODUCTION
It has been proposed that metal ions liberated from their cellular depots are a major contributor to the development of diabetic complications and that metal chelation may be responsible for the inhibition of AGE formation by a variety of drugs commonly used for the treatment of diabetic complications including pyridoxamine, carnosine, metformin, tenilsetam, OPB-9195, angiotensin converting enzyme inhibitors, and angiotensin II receptor blockers [1, 2] . Comparison of IC 50 values for the copper-catalyzed autoxidation of ascorbic acid in phosphate buffer of compounds inhibiting glycation was also suggested to support the idea that inhibition of AGE formation by these compounds results primarily from their metal chelating activity [3] . However, when studying the inhibition of glycation of bovine serum albumin (BSA) by sugars, glyoxal (GO) and methylglyoxal (MGO), we found limited or no protection by metal chelators such as ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepentaacetic acid (DETAPA) or nitrilotriacetic acid (NTA) in the simple model in vitro system [4, 5] . This prompted us to perform a systematic comparison of the chelating activity of compounds of various classes (antioxidants, metal chelators, standard antiglycating agents, organic acids, organic polybases, polyphenols and nitroxides) affecting the rate of BSA glycation.
MATERIALS AND METHODS

Estimation of the effects of various compounds on the rate of glycation
All basic reagents were from Sigma-Aldrich (Poznań, Poland, unless indicated otherwise). Genistein, 4-hydroxycinnamic acid, naringin and quinic acid were purchased from Santa Cruz Biotechnology, Inc. BSA (purity of 96%) was dissolved in 0.1 M sodium phosphate buffer, pH 7.4 at a concentration of 0.09 mM. Three sugars (glucose, fructose and ribose) were used as glycating agents. For measurements of the effects of additives on the process of glycation, BSA (90 μM) was incubated with 0.5 M sugars and the additives (1 mM) for 6 days or with 2.5 mM GO and MGO for 12 h. Fluorescence measurements were done by applying 200 µl of the sample onto a 96-well plate. Fluorescence was measured at a wavelength of 325/440 nm (AGEs), 330/415 nm (dityrosine), 325/434 nm (N'-formylkynurenine) and 365/480 nm (kynurenine) [6] . Validity of these parameters as indices of glycation has been demonstrated by us previously [4, 5] .
Estimation of the iron-chelating activity with ferrozine
The chelation of ferrous ions by various compounds was estimated by a slightly modified method of Dinis et al. [7] . Briefly, 50 μl of 2 mM FeCl 2 was added to 1 ml of different concentrations of the solution of the compound studied in 100 mM buffer Tris-HCl, pH 7.4. The reaction was initiated by the addition of 0.2 ml of 5 mM ferrozine solution. The mixture was vigorously shaken and left to stand at room temperature for 10 min. The absorbance of the solution was thereafter measured at 562 nm. From the plot, the concentration of a compound needed for 50% inhibition of ferrozine complex formation (IC 50 ) was determined.
Statistical analysis
All of the experiments were done at least in triplicate. Data are shown in the form of arithmetic mean values and standard deviations. Differences between means were analyzed using a two-tailed Student's t-test using STATISTICA, 
RESULTS
The IC 50 values for the inhibition of ferrozine reaction with iron are given in Table 1 . The effects of additives on the rate of glycation by GO, MGO, glucose, fructose and ribose have been reported by us elsewhere [4, 5, 8] . Data reported there were used for comparison with the iron-chelating effects of the compounds studied. For a better transparence of plots, 1/IC 50 values were plotted as a function of per cent effect of the compounds studied on the values of relative glycoxidation effects (expressed with respect to the glycation of BSA in the absence of any additives assumed as 100%).
Representative correlation plots are shown in Fig. 1 . Correlation coefficients between individual glycoxidation parameters and inverse IC 50 values are given in Table 2 . Non-significant positive correlations were found in all cases. 1.15 ± 0.15 *** 0.48 ± 0.06 *** 1.11 ± 0.26 *** 0.55 ± 0.05 *** BSA + fructose 100 ± 3.6 100 ± 3.9 100 ± 4.1 100 ± 5.4 + SOD 10 µg/ml 66.0 ± 3.9 *** 67.8 ± 3.2 *** 65.1 ± 3.8 *** 98.1 ± 6.7 +CAT 10 µg/ml 100.1 ± 6.4 100.9 ± 5.7 100.9 ± 5.9 102.1 ± 6.5 + Fe 2+ 5 µM 101.7 ± 0.9 101.0 ± 0.9 101.6 ± 1.1 139.3 ± 5.0 *** + Fe 2+ 10 µM 97.1 ± 2.4 91.6 ± 1.9 * 98.0 ± 2.6 145.5 ± 3.1 *** + Fe 2+ 20 µM 80.6 ± 2.2 ** 75.7 ± 3.1 ** 80.2 ± 2.4 ** 146.1 ± 0.9 *** + Fe 2+ 50 µM 56.3 ± 0.3 *** 53.9 ± 0.7 *** 54.7 ± 1.2 *** 147.7 ± 1.1 *** Ribose Age Dityrosine N'-Formylkynurenine Kynurenine BSA no sugar 0.53 ± 0.07 *** 0.21 ± 0.02 *** 0.51 ± 0.12 *** 0.22 ± 0.02 *** BSA + ribose 100 ± 0.3 100 ± 0.7 100 ± 0.6 100 ± 1.4 + SOD 10 µg/ml 70.6 ± 0.2 *** 70.2 ± 0.5 *** 70.6 ± 0.4 *** 83.0 ± 0.7 *** +CAT 10 µg/ml 98. In line with these results, treatment of the glycating solution with the metal ionbinding resin Chelex X-100 did not affect the course of glycation (96.9 ± 2.9% of the value without Chelex for glucose, 106.5 ± 1.4% for fructose and 98.3 ± 3.4% for ribose in the case of AGEs). Addition of Fe 2+ ions at micromolar concentrations enhanced the glycoxidation (Table 3) . Catalase did not affect glycoxidation induced by all sugars as judged by all parameters measured except kynurenine in the case of glucose. In contrast, superoxide dismutase (10 μg/ml) decreased glycoxidation induced by fructose and ribose but, unexpectedly, augmented the glycoxidation induced by glucose. As observed previously [4, 5, 8] , changes in the fluorescence of AGEs, dityrosine and N-formylkynurenine were concordant, while those conditioned by kynurenine fluorescence gave divergent results for the effects of antioxidant enzymes on glycoxidation induced by glucose and fructose.
DISCUSSION
Glycoxidation of proteins contributes to the development of diabetic complications and is a marker of hyperglycemia. The level of glycation of hemoglobin and serum albumin provides an estimate of blood glucose level in the period preceding analysis, and has predictive value with respect to diabetic complications, especially in type 2 diabetes [9] [10] [11] . Numerous reports have claimed the role of metals in glycoxidation and prevention of glycoxidation and diabetic complications by metal chelators. Trace amounts of transition metal ions catalyze formation and various reactions of various reactive species, especially peroxides, and accelerate glycoxidation. Glycation can reduce the stability constant of proteins for metal ions, which can make protein-bound metal ions more redox active and enable their participation in the Fenton reaction [12] . In such cases, metal chelators can be effective inhibitors. Indeed, attenuation of glycation in model systems has been demonstrated for the copper chelator triethylenetetramine (trientine) [13, 14] and iron chelators DETAPA [15] and desferrioxamine [16] . Trientine has been found to reduce carbonyl stress in tissues of diabetic rats [10] , ameliorate nerve dysfunction in streptozotocin (STZ) diabetic rats [13, 17] and inhibit structural and functional changes in the heart and kidney of Zucker diabetic rats, a model for type 2 diabetes [18] ; and trientine therapy has been proposed for treatment of patients to prevent diabetic complications [14] . Desferrioxamine was reported to enhance neovascularization and accelerate wound healing in diabetic rats [19] and prevent diabetes-induced endothelial dysfunction [20] . Citrate, a non-specific metal chelator, protected against cardiac structural and functional changes in the Zucker type 2 diabetic rat and also inhibited albuminuria, cataractogenesis, and ketosis in rats with STZ-induced diabetes [21] . However, the role of metals in glycoxidation may be dependent on the system and experimental conditions, especially in model systems. We used a simple but often employed model system of BSA subject to the action of sugars and reactive aldehydes, and found significant effects of compounds of various structure on the rate of glycation (inhibition by some compounds and enhancement of the rate of glycation by other additives). We tested the ability of all compounds affecting glycoxidation to chelate iron by displacing the weak chelator ferrozine. If iron chelation was important in the anti-glycating effects of the compounds studied, a correlation between their effect on the rate of glycation and IC 50 values of these compounds for the displacement of ferrozine should be apparent. The correlation plots of 1/IC 50 vs % glycoxidation parameters should yield negative correlation coefficients (better chelators should be better inhibitors of glycation). No such relationship was observed, which demonstrates that metal chelation is not relevant for the course of glycoxidation in the system used. 1-Cyano-4-hydroxycinnamic acid, which was one of the most potent antiglycating agents [4, 5] did not show any iron chelating activity at all. However, excess iron promoted glycoxidation. We hypothesize that trace amounts of iron present in the system as reagent impurities are bound by BSA and do not participate in the reaction, so iron chelators are not effective in this system. The binding of iron ions by BSA has been demonstrated previously [22, 23] . The lack of effects of catalase speaks against a significant role of hydrogen peroxide in the glycoxidation of BSA. The effects of superoxide dismutase suggest a role of superoxide in glycation by fructose and ribose, while in the case of glucose, apparently the copper released from the active site of the enzyme might promote glycoxidation. In summary, our results suggest that the glycation of BSA in vitro is iron-independent and is not a proper system to study the role of metals in glycation. Other models should be considered to determine which are more representative of the in vivo situation.
